Under a restricted set of conditions and with infinitely long sequences, maximum parsimony is guaranteed to give the same estimate of the phylogenetic tree topology as a maximum-likelihood estimator. However, it is not known how frequently the most parsimonious topology will be the same as the maximum-likelihood topology with real data sets. Three 18s nucleotide sequence data sets are examined, each consisting of seven crustacean taxa. For each data set, under both parsimony and likelihood, scores are determined for all 945 topologies, complete confidence sets are estimated by methods that account for variance in the phylogenetic estimate, and bootstrap resampling is performed. For each data set, the maximum-likelihood tree is also a most parsimonious tree, and there is a strong correlation between tree length and maximum likelihood. For two of the data sets, confidence set size and bootstrap results are very similar under both methods. For the third data set, the confidence set estimated under parsimony is much smaller than that estimated under maximum likelihood, and bootstrap values were substantially different between parsimony and maximum likelihood at several nodes.
Introduction

Phylogenies
are an important tool for testing hypotheses about historical events and processes, including adaptation and character evolution (for a recent review, see Harvey and Page1 199 1) . Frequently the phylogeny is assumed to be correct; however, the phylogeny itself is a statistical inference, and a valid test must account for phylogenetic uncertainty ( DeBry 1992~). The idea that the study of phylogeny is a problem of statistical inference is not new; it dates back at least to Edwards and Cavalli-Sforza ( 1964) . Since that time only a few methods have been developed that are specifically designed to be used as a basis for statistical inference. Most notable is the method of maximum likelihood, which was originally explored by Edwards and Cavalli-Sforza ( 1964) ) and extended primarily by Felsenstein (e.g., 1973, 198 1; see also Barry and Hartigan 1987 for a slightly different approach).
Maximum likelihood is computationally quite demanding and is limited to types of data for which a reasonable probability model of character state change can be developed, so it is only just beginning to come into widespread use. Parsimony (Edwards and Cavalli-Sforza 1964; Eck and Dayhoff 1966, p. 164; Fitch 197 1) is used to infer phylogenies much more often than is maximum likelihood, but relatively little is known about parsimony's properties as a statistical estimator beyond that it is not generally a maximum-likelihood method (Felsenstein 1978) . It has been suggested ( DeBry 1992~) that statistical tests based on phylogeny might combine the speed of parsimony methods with the statistical foundation of maximum-likelihood methods. In this approach, parsimony is initially used to search for trees that are of minimal and near-minimal length. Parsimony is also used to search for trees that are minimal and near minimal under a topological constraint determined
by the hypothesis to be tested or by the null hypothesis. These trees are submitted to maximum-likelihood analysis to test the hypothesis that the best of the constrained topologies is not significantly worse than the best topology overall. This approach will be valid only if there is a reasonable correlation between parsimony scores (tree length) and maximum-likelihood scores over tree topologies. Here we examine this correlation by exhaustive search of three nucleotide sequence data sets with both parsimony and maximum likelihood. If there is a correlation between scores, then a hypothesis test based on parsimony might give very similar results to the likelihood-based test. Therefore, we also examine the full confidence sets around the best tree(s) as determined 292 DeBry and Abele under maximum likelihood by using Kishino and Hasegawa's ( 1989) test, and as determined under parsimony by using a version of Templeton's ( 1983) test. We also examine the relationship between these confidence sets and confidence as assessed by bootstrap resampling ( Felsenstein 1985 ) . These analyses are also relevant to the general question of the relationship of parsimony to maximumlikelihood methods. As mentioned above, Felsenstein ( 1978) first demonstrated that parsimony is not generally a maximum-likelihood estimator and that parsimony can sometimes have undesirable statistical properties. The most studied statistical property of the parsimony method is consistency.
Parsimony will converge on an incorrect topology under some sets of branch lengths (Felsenstein 1978; Hendy and Penny 1989; DeBry 1992b ), but whether parsimony will be a consistent estimator of phylogeny for all, some, or only a few real data sets remains unresolved.
It is important to note the conceptual differences between parsimony and maximum likelihood.
Maximum-likelihood estimation incorporates an explicit model of nucleotide sequence evolution. This model accounts for multiple changes at a single position, so maximum likelihood simultaneously estimates both branch lengths and phylogenetic tree topologies. Parsimony is strictly a method for choosing among topologies, although Steel et al. ( 1993) have recently shown that correction for multiple substitutions as an intermediate step in parsimony analysis will result in parsimony being generally a consistent estimator of tree topology. In this study, we consider only the performance of parsimony without such a correction procedure.
Material and Methods
We examine three different crustacean 18s ribosomal RNA data sets (a "decapod" data set, a "barnacle" data set, and a "maxillopod" data set), with seven species each. The classification of the Crustacea is unsettled, so we follow the summary classification used elsewhere (Bowman and Abele 1982) . The three data sets span a range of levels of phylogenetic affinity, with the decapods being the most closely related to each other and the maxillopods being the most heterogeneous group. The decapod data set includes only members of the order Decapoda and is derived from earlier work (Kim and Abele 1990; Abele 199 1 The sequence data for the barnacle groups are from Spears et al. (1994) .
The maxillopod data set, like the class (Bowman and Abele 1982) , subclass (Abele et al. 1989) , or superclass ( Abele et al. 1992 The decapod and maxillopod data sets are based on direct sequencing of ribosomal RNA, and each contain regions in which the sequence remains unknown. The barnacle data set is based on DNA sequencing data following PCR amplification of an approximately 2,000 base pair region of the 18s ribosomal gene. These DNA sequences are much more complete than are the RNAderived sequences. All gaps, whether due to missing information or inserted to improve the alignment, were considered as unknown nucleotide states.
All 945 unrooted tree topologies were evaluated by parsimony using PAUP (version 3.0s; Swofford 1992), and the lengths of all trees were saved. A computerreadable description of each topology was also saved for input into the DNAML and DNAPARS programs in PHYLIP ( version 3.4; Felsenstein 199 1) as user-defined trees, effectively creating an exhaustive search mode for the maximum-likelihood analysis. We performed two kinds of statistical tests for both likelihood and parsimony, bootstrap resampling (Felsenstein 1985) , and tests based on site-by-site pairwise comparison between trees (Templeton 1983; Kishino and Hasegawa 1989) . When DNAML is provided with multiple user-defined trees, it performs the statistical test developed by Kishino and Hasegawa ( 1989) . The log likelihood of each tree is compared to the best tree in a pairwise test. However, the mean difference in log likelihood between the two trees is not a sufficient basis for comparison . It is also necessary to estimate the variance of log-likelihood dif-ferences based on the variability of likelihoods at individual sites in the nucleotide sequence (Kishino and Hasegawa 1989, eq. [ 121) . One estimate of the confidence set is the collection of trees for which the difference in mean likelihood compared to the best tree is less than 1.96 SE. This test has been shown to be closely related to the bootstrap probability for a particular alternative tree (Kishino et al. 1990; Hasegawa and Kishino 1994) . Bootstrap analysis can be closely approximated by repeated sampling from the multivariate normal distribution, without recalculating the maximum likelihood for each bootstrap sample (Kishino et al. 1990) . In this case, however, we were able to perform bootstrap resampling directly with the program fastDNAML (provided by Dr. G. Olsen, University of Illinois, Champaign ) .
Templeton ( tests, note that we are not placing too much emphasis on whether a particular topology is rejected; in this study we are interested primarily in comparing the sizes of confidence intervals estimated by the pair-wise tests to estimates of statistical reliability derived from bootstrap resampling.
For parsimony, bootstrap analysis was done in PAUP.
Our main focus is on comparing parsimony to maximum likelihood, because both of those methods can be used to provide a score for every topology. For comparison purposes, we have also analyzed each of the three data sets by neighbor-joining analysis (Saitou and Nei 1987) using the NEIGHBOR program in the PHY-LIP package and by the method of Fitch and Margoliash ( 1967) using the FITCH program in PHYLIP.
Results
The decapod and maxillopod data sets each have two equally most parsimonious trees, while the barnacle data set has a single most parsimonious tree ( fig. 1 ). Consistency indexes (counting only phylogenetically informative characters)
for the most parsimonious trees are 0.7 14 for the decapod data set, 0.86 1 for the barnacle data set, and 0.631 for the maxillopod data set. For the decapod data set, the maximum-likelihood tree is identical to one of the two most parsimonious trees, and the other most parsimonious tree has the second highest likelihood.
For the barnacle data set, the maximumlikelihood tree is the same as the most parsimonious tree. For the maxillopod data set, the maximum-likelihood tree is identical to one of the two most parsimonious trees, but the other most parsimonious tree ranks fourteenth in likelihood. We also converted the nucleotide sequence data to distances using both the Kimura ( 1980) two-parameter model and the maximum-likelihood method as implemented in the PHYLIP program DNADIST.
For the decapod and barnacle data sets the neighbor-joining (Saitou and Nei 1987) and Fitch-Margoliash (Fitch and Margoliash 1967) trees are identical to the maximumlikelihood tree (using the programs NEIGHBOR and FITCH in PHYLIP; results not shown). For the maxillopod data set, neither the neighbor-joining nor the Fitch-Margoliash tree are the same as the maximumlikelihood or parsimony trees. The neighbor-joining tree has a log likelihood of -7247 (a difference in log likelihood of 26 compared to the maximum-likelihood tree) and a length of 995 steps ( 12 steps longer than the maximum-parsimony tree), while the Fitch-Margoliash tree has a log likelihood of -7245 (a difference in log likelihood of 24) and a length of 998 steps ( 15 steps longer).
For all three data sets there is a highly significant correlation between parsimony scores and likelihoods ( fig. 2) . For both the decapod and maxillopod data sets, the parsimony and likelihood scores form a single cloud of points, with the decapod data set appearing to show a stronger relationship between parsimony and likelihood ranks for the more well-supported trees. For the barnacle data set, the correlation between parsimony and likelihood scores is highly significant, but the scores are separated into three distinct clouds of points.
If parsimony is to be used to find trees meeting a particular topological constraint prior to examining those trees using likelihood, then it is important that there be a correlation between the parsimony and likelihood is related to the separation of the barnacle trees into three groups ( fig. 2 B Table 1 Number of Trees Included in the Confidence Sets between tree length and likelihood by a Spear-man rank test. A, Decapod data set; ? = 0.902, P < 0.0001. B, Barnacle data set; ? = 0.823, P < 0.000 1. C, Maxillopod data set; ? = 0.842, P -C 0.000 1.
DATA SET The bootstrap results agree with the confidence sets in the sense that the data set-analysis combinations with the smaller confidence sets tend to have higher support for bipartitions under the bootstrap analysis. To more closely examine the relationship between the confidence sets and bootstrap results, it is interesting to compare the decapod topology suggested by the very high bootstrap values with the trees in the confidence set suggested by the Kishino-Hasegawa test. According to the likelihood bootstrap results, three pairs of taxa are supported in over 93% of the replicates. The only taxon that is not in a highly supported partition is Stenopus; but even Stenopus is confined to one of two positions, either as the sister to Procambarus plus Callinectes or as the sister to Palaemonetes plus Procaris. Thus, the bootstrap results could be interpreted as suggesting a confidence set of only two trees, while the Kishino-Hasegawa confidence set includes 18 trees.
ANALYSIS
The bootstrap proportions represent multiple a posteriori tests, so the confidence levels might be over- to estimated. Felsenstein and Kishino ( 1993) have pointed out that the best interpretation of P (the proportion of bootstrap replicates that include a particular partition)
is that 1 -P is a conservative estimate of the probability of making a Type I error regarding that partition. So for the likelihood analysis of the decapod data, the probability that the support seen for one or more of these three groups is due to chance could be estimated as 1 -(0.99 X 0.96 X 0.93) = 0.12 (assuming that these events are independent ). By this logic, the Kishino-Hasegawa confidence set still appears to be more conservative than the overall bootstrap estimate of confidence.
If 
Discussion
For all three data sets, there is very good agreement between parsimony and maximum likelihood on which tree is the best overall. The two methods are also substantially in agreement on the ranking of near-optimal trees. If these results prove to be representative of many real data sets, then they suggest that an economical approach to statistical analysis of large phylogenies may involve two phases: identification of interesting candidate phylogenies by parsimony, followed by examination of a restricted set of trees using maximum likelihood. There is no guarantee that other data sets will give similar results, but in the present study no effort was made to select data sets showing a high correlation.
The barnacle data demonstrate that differences between parsimony and likelihood can be important in some cases. Despite a highly significant overall correlation between parsimony and likelihood scores, both the confidence sets and bootstrap values are substantially different between parsimony and likelihood. Many of the trees within the likelihood confidence set fall well outside the parsimony confidence set. with lengths approximately at the midpoint of the distribution of all tree lengths. However, the two methods do at least agree on the best topology overall. In any particular study it would be safest to verify the relationship between parsimony scores and likelihoods. In most cases it will not be possible to examine all possible topologies, but it should be sufficient to examine the correlation between scores for a subset of trees. Two strategies could be taken. One would be to examine randomly selected topologies, to verify the overall correlation. The other, probably more important approach, would be to examine as many nearly most parsimonious trees as possible, both overall and under the selected constraints. This will be important because correct estimation of the confidence set depends on correctly identifying the maximum-likelihood tree. Even if there is a significant overall correlation between parsimony and likelihood scores, the maximum-likelihood tree may not be the most parsimonious tree. With large data sets, it will not be possible to know if the most parsimonious tree has been found, so even greater caution must be used in interpreting likelihood results that are based on initial searches using parsimony.
We find a general correspondence between the size of the confidence set estimated by the Kishino-Hasegawa and Templeton tests and the presence of highly supported partitions in the bootstrap analysis. For example, in both analyses of the decapod data set, three partitions were found in over 90% of the bootstrap replicates ( fig.  1 A) , and the confidence sets include only 10 and 18 trees (table 1 ), while in both analyses of the maxillopod data set the bootstrap values are all much below 90% ( fig. 1 C) , and the confidence sets include over 100 trees (table 1) . Likewise, parsimony analysis of the barnacle data gives both high bootstrap values and a small confidence set, while likelihood analysis of the same data gives very low bootstrap values and a much larger confidence set. This relationship is consistent with the observation by Kishino et al. ( 1990) , who found that the Kishino-Hasegawa test implemented in DNAML gave very similar estimates of the variance in likelihood difference compared to the bootstrap.
However, when we compare the particular trees found in the Kishino-Hasegawa confidence set for the decapod data to the trees that are compatible with the likelihood bootstrap results, we find the Kishino-Hasegawa test to be somewhat more conservative than the bootstrap. The Kishino-Hasegawa confidence set includes 13 trees that are excluded by the bootstrap test, if we accept bipartitions found in more than 90% of the bootstrap replicates as being highly supported.
The results for these three data sets show that parsimony and maximum-likelihood analyses agree to a considerable degree when applied to real data. The two methods also provide similar measures of the support for nonoptimal tree topologies. We do not know the true phylogeny for any of these groups, so a conclusion that parsimony is likely to be a consistent estimator of the phylogeny for these data sets is only valid if the assumptions of maximum likelihood are met to a sufficient degree. There is some cause for concern on this point, because the implementation of maximum-likelihood used in the PHY LIP package (version 3.4) shares with parsimony a number of important assumptions about the evolutionary process. For example, both methods require an assumption that the evolution of individual nucleotides is independent of the states at other positions (an assumption of particularly dubious validity in the case of ribosomal RNA genes, because of constraints imposed by both functional and secondary structure requirements). Both methods are also critically dependent on the sequence alignment for determination of which nucleotide positions are considered to be homologous. The same alignment was used for both methods in all three analyses presented here, so any bias due to misalignment will be shared by both methods. It is not known whether there are any significant differences between likelihood and parsimony with respect to how robust the methods are to violations of these assumptions about the evolutionary process.
Advances in computing power and improved models of nucleotide sequence evolution should lead to the development of more sophisticated maximum-likelihood methods, which should allow relaxation of many of the assumptions required by the implementation that we used here. This may reduce the similarity between parsimony and likelihood results. For example, Thorne and Kishino ( 1992) have recently described an approach in which the likelihoods of all possible alignments are incorporated into the phylogenetic estimate, and newer versions of DNAML (i.e., version 3.5) allow estimation using different rates at different positions without specifying the rate for any particular position in advance. Some of the assumptions of parsimony analysis can also be relaxed. For example, nonindependent characters can be treated under parsimony by altering the weight accorded to those characters. However, under parsimony the correlated characters must be identified a priori, while advanced maximum-likelihood methods might allow estimation of nonphylogenetic correlations from the
